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Outdoora b s t r a c t
Indoor and outdoor gamma dose rates were evaluated around a prospective uranium mining region –
Gogi, South India through (i) direct measurements using a GM based gamma dose survey meter,
(ii) integrated measurement days using CaSO4:Dy based thermo luminescent dosimeters (TLDs), and
(iii) analyses of 273 soil samples for 226Ra, 232Th, and 40K activity concentration using HPGe gamma
spectrometry. The geometric mean values of indoor and outdoor gamma dose rates were 104 nGy h1
and 97 nGy h1, respectively with an indoor to outdoor dose ratio of 1.09. The gamma dose rates and
activity concentrations of 226Ra, 232Th, and 40K varied signiﬁcantly within a small area due to the highly
localized mineralization of the elements. Correlation study showed that the dose estimated from the soil
radioactivity is better correlated with that measured directly using the portable survey meter, when com-
pared to that obtained from TLDs. This study showed that in a region having localized mineralization
in situ measurements using dose survey meter provide better representative values of gamma dose rates.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. 1. Introduction
Human beings are constantly exposed to natural sources of
ionizing radiations in nature. The natural background radiations
have both terrestrial and extra-terrestrial origins. The extra-ter-
restrial radiation is largely due to cosmic rays. The worldwide
average radiation dose at sea level due to cosmic rays is
31 nGy h1 [17] and that for India is 32 nGy h1 [13], the dose
increases with the altitude. The terrestrial gamma rays are essen-
tially derived from 40K and radionuclides belonging to 238U and
232Th series that are present in the earth’s crust. The worldwide
average value for outdoor gamma absorbed dose rate in air due
to terrestrial sources is 54 nGy h1 and the relative contributions
of 40K, 238U, and 232Th to this dose are about 35%, 25%, and 40%,
respectively [16].
The variation of terrestrial radiation is typically larger than
that of cosmic rays. There are regions in the world where the
outdoor terrestrial radiation exceeds substantially the averagevalue due to the enrichment of certain radioactive minerals lead-
ing to the formation of what are known as high background
areas. The presence of high background areas has been reported
in several countries like China, Iran, Germany, USA, Brazil, and
India [17].
Gogi – a village in Shahapur taluk in Yadgiri district of Karna-
taka, South India has been identiﬁed as a prospective uranium
mining area. A pre-operational study to establish a baseline
database on gamma radiation levels and natural radionuclide
concentrations around the proposed uranium mining area is
essential because such a study would help to assess the radio-
logical impact of long term mining operations on the environ-
ment. Hence, we have undertaken pre-operational studies
around the proposed mining region and in this paper we report
the indoor and outdoor external gamma absorbed dose rates and
activity concentrations of 226Ra, 232Th, and 40K in the soils. A
comparative study of in situ measurements of gamma dose rates
using portable dosimeters and integrated measurements over a
period of 90 days using TLDs, and their correlations with the
dose estimated from the soil radioactivity is also presented and
discussed.
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2.1. Details of the study area
Gogi village (16 430 2800 N, 76 440 2900 E) is located in the
Shahapur taluk of Yadgiri district in the north-east part of Karna-
taka state. The geographical area of Yadgiri district is 5234.4 km2
with a population of 1.2 million with an average population
density of 224 per km2. The northern part of the district repre-
sents a plateau, typical of the Deccan Trap terrain and is deeply
indented with ravines. The southern part represents an undulat-
ing terrain. Different types of soil, such as deep black, medium
black, shallow, and lateritic are found in the district. The deep
and medium black soil practically covers the entire area, except
a small portion towards the northern part of the district. Black
soil is derived from the basaltic rocks and varies in colour from
medium to deep black.
The weather in the region consists of three main seasons. Sum-
mer spans from late February to mid-June. It is followed by the
southwest monsoon, which spans from mid June to late September
and the average annual rainfall is 839 mm. It is then followed by
dry winter weather until mid-January. Temperatures during the
different seasons are (i) summer: 37–46 C, (ii) monsoon: 25–
37 C, and (iii) winter: 12–32 C. The humidity varies from 26–
62% throughout the year.
Uranium mineralization in the Neoproterozoic Bhima river
basin has been found at Gogi of North Karnataka, India. Mineraliza-
tion at Gogi occurs within the major E-W trending Gogi-Kurlagere
fault, near to its intersection with a NE-SW trending fault and is
hosted by both brecciated, siliceous limestone and deformed base-
ment rock represented by low-Ca biotite granite–granodiorite.
Over 80% of the mineralization at Gogi occurs as veins, veinlets
and fracture-ﬁlls, composed of cofﬁnite, lesser pitchblende, acces-
sory U–Ti–Si complex (only in granitoid), associated intimately
with reductants like sulphides and organic matter, and also clays
(illite, smectite) [15].
For in situ measurement of gamma dose rates and for soil sam-
pling, the region was divided into 3 different zones (0–5 km Core
zone, 5–15 km Buffer zone I, and 15–30 km Buffer zone II, shown
in Fig. 1), with the proposed mining site (Gogi) as the center of
all the zones. Sampling locations were identiﬁed in all the three
zones and the latitude and longitude were noted using a Global
Positioning System (GPS). A total of 39 sampling locations are
identiﬁed in such a way that they are spread uniformly in all the
directions in different zones so that the entire region is covered
under the study.2.2. Gamma absorbed dose measurements using portable dose survey
meter
The ambient gamma absorbed dose rates were measured in all
sampling locations in the three zones using GM tube based gamma
dosimeter (RDS-31, Mirion, France). This device can detect gamma
rays in the energy range of 40 keV to 3 MeV and the dose rate mea-
surement range is 10 nGy h1 to 0.1 Gy h1. It is factory calibrated
and the calibration accuracy is ±5% with 137Cs source. A total of 39
locations were monitored during this study (Fig. 1) and these loca-
tions are situated in the mainly inhabited areas. The gamma radi-
ation levels were measured both inside and outside the dwellings
at 1 m above the ground. About 25 readings were taken at different
points in each location, and the geometric mean was considered as
the representative value of the gamma dose rate for the location.
These measurements were carried out during different seasons of
the year.2.3. Gamma absorbed dose measurements using Thermo luminescent
dosimeter (TLD)
TLD is a passive device for the measurement of gamma dose and
in this the dose is acquired and stored for a long period of time un-
til the system is stimulated by heat. The advantage of this system is
that since it acquires the dose continuously the variation of dose
during different periods of time is averaged out. Therefore, the
long-term integrated measurements of gamma dose rates are car-
ried out using thermo luminescent dosimeters based on CaSO4:Dy
phosphor. The dosimeters were specially designed to measure the
environmental gamma radiation by the Bhabha Atomic Research
Centre (BARC), Mumbai Chougaonkar et al. [3]. The details of the
preparation of the TLD dosimeters and calibration are published
elsewhere by Chougaonkar et al. [3].
The TLDs were deployed inside 23 dwellings and 21 outdoor
locations of three zones of the study region for a time period of
90 days. Inside the dwellings, they were installed at least 1 m away
from the walls and about 3 m above the ﬂoor. In the outdoors they
were installed just outside the dwelling at a similar height. After
the exposure period, the exposed TLDs were retrieved and replaced
by new ones and in this way the gamma dose rates were measured
for one year (for 4 different quarters of a year – January to March
2012, April to June 2012, July to October 2012, and November
2012 to February 2013). The retrieved dosimeters were analyzed
using the automatic reader (BARC, Mumbai) and the absorbed dose
was arrived at using standardized methodology [3]. An appropriate
number of TLDs were kept as control TLDs at both laboratory and
ﬁeld location to determine the control dose at both these locations
and transit TLDs were used to determine the transit dose. At the
time of installing and retrieving the TLDs, the gamma dose rates
were measured using the survey meter, as detailed in the earlier
section.
2.4. Soil sample collection and measurement of radionuclide activity
concentrations
A total of 273 surface soil samples (from 0 to 10 cm soil proﬁle)
were collected from those 39 locations (Fig. 1) where gamma dose
was measured. All the soil samples were collected from outdoor in
the surrounding areas of the dwellings. The samples were pro-
cessed following the standard procedure [4,5]. After processing,
they were sealed in 300 ml polypropylene containers and stored
for a minimum period of 30 d to allow 226Ra to come into equilib-
rium with its daughters taking care to prevent 222Rn escaping from
the container.
The activity concentrations of 226Ra, 232Th, and 40K in the sam-
ples were determined using the gamma spectrometry employing a
38% relative efﬁciency p-type low background HPGe detector hav-
ing an energy resolution of 2.1 keV at 1.33 MeV (CANBERRA, USA).
The spectrum was acquired and analyzed using a 16 K multichan-
nel analyzer (Multiport, CANBERRA) and GENIE-2000 software. The
detector efﬁciency calibration was performed using the IAEA qual-
ity assurance reference materials: RG U-238, RG Th-232, RG K-1,
and SOIL-6 procured from IAEA. The standard materials and sam-
ples were collected in containers of uniform size and type so that
detection geometry remained the same. The samples were counted
long enough to reduce the counting error. The 226Ra activity was
evaluated from the weighted mean of the activities of three pho-
topeaks of 214Bi (609.3, 1129.3, and 1764.5 keV) after applying
the Compton corrections. In the case of 232Th, one photopeak of
228Ac (911.2 keV) and two photopeaks of 208Tl (583.1 and
2614.5 keV) were used in the same way. The activity of 40K was de-
rived from the 1460.8 keV gamma line of this isotope [5]. The min-
imum detection levels (MDL) for the above detecting system were
0.62 Bq kg1, 2.46 Bq kg1, and 1.42 Bq kg1, respectively for 226Ra,
Fig. 1. Map showing the location of Gogi region and the area covered under the study.
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of 300 g. The details of the calibration of the detector, measure-
ment technique, and inter-comparison measurements were
published earlier [7,8].
2.5. Estimation of absorbed dose from soil radioactivity measurements
From the values of activity concentrations of 226Ra, 232Th, and
40K in soil, the absorbed dose rates were computed using the dose
coefﬁcients given in UNSCEAR [17] The total gamma dose (D) due
to the presence of 226Ra, 232Th and their daughter products, and 40K
was computed as under [17]:
DðnGy h1Þ ¼ 0:462CU þ 0:604CTh þ 0:0417CK ð1Þ
where, CU, CTh, and CK are the activity concentrations of 226Ra, 232Th,
and 40K in soil (Bq kg1).
For the dose calculation a secular equilibrium between 238U and
226Ra was assumed. It may be noted that about 98% of the external
dose from 238U series is delivered by 226Ra sub-series. Therefore,
the disequilibrium, if any, between 226Ra and 238U does not affect
the dose estimation from the measurement of 226Ra [18].3. Results and discussion
3.1. Gamma absorbed dose rates
The range, median, geometric mean (GM), and geometric stan-
dard deviation (GSD) of indoor and outdoor gamma absorbed dose
rates for different zones of Gogi, measured using portable dose sur-
vey meter, are presented in Table 1, and the doses measured using
the TLDs are presented in Table 2. The data for different quarters of
the year are pooled together and the overall range and mean values
are presented in these tables. The indoor gamma dose, measured
using the survey meter, varied in the range of 40–230 nGy h1 with
the geometric mean value of 104 nGy h1, and outdoor gammadose varied in the range of 45–320 nGy h1 with the geometric
mean value of 97 nGy h1, considering the entire study region
(0–30 km). Similarly, the geometric mean values of the doses
measured using TLDs were 120 nGy h1 and 119 nGy h1, respec-
tively, for indoor and outdoor. These results show that the indoor
and outdoor dose rates were comparable to each other and the dif-
ference between them is <10%.
The mean value of outdoor gamma dose for Core zone was
higher when compared to the other two zones (Tables 1 and 2).
Also, the mean value of the dose for the entire region was higher
when compared to the values (mean of 59 nGy h1 in the range
of 18–93 nGy h1) given in UNSECAR [18] for different countries
and with the all India mean value (89 nGy h1 in the range of
27–3051 nGy h1) reported by Nambi et al. [14]. The mean value
of the dose rate observed for the Core zone is 3 times higher
when compared to the worldwide mean value.
3.2. Indoor and outdoor annual effective dose
From the hourly dose rate, the annual effective dose was com-
puted using the indoor occupancy factor of 0.8 and the outdoor
occupancy factor of 0.2 [17] and these are also presented in Tables
1 and 2. The annual effective dose thus calculated from the survey
meter data had geometric mean values of 0.73 mSv y1 and
0.17 mSv y1,respectively, for indoor and outdoor (Table 1) and
the corresponding dose values computed from TLD data had geo-
metric mean values of 0.59 mSv y1 and 0.14 mSv y1, respectively
(Table 2). The total annual effective dose (indoor + outdoor) ranged
from 0.38–1.92 mSv y1 with a mean value of 0.91 mSv y1
(Table 1, Column 6). This value was higher when compared to
the mean of annual effective dose (0.74 mSv y1) computed from
the TLD measurements (Table 2, column 6). Nambi et al. [13] found
the dose levels in India, except HBRAs in the states of Kerala and
Tamil Nadu, to be 0.44 ± 0.13 mSv a1. Thus, the total gamma ray
dose prevailing in Gogi region is 2 times higher than the average
value for normal background regions of India.
Table 1
Indoor and outdoor gamma absorbed dose rates (measured using portable survey meter). Range and mean values obtained from 4 different set of measurements for different
seasons during the year 2012–13.
Locations Gamma absorbed dose rate (nGy h1) Annual effective dose (mSv y1) Total annual effective dose
(Indoor + outdoor) (mSv y1)
Indoor Outdoor Indoor Outdoor
Core zone
Range 80–230 80–320 0.56–1.61 0.14–0.56 0.71–1.92
Median 135 145 0.94 0.25 1.26
Geometric Mean 139 148 0.97 0.25 1.24
Geometric SD 1.3 1.5 1.3 1.5 1.3
Buffer zone I
Range 50–180 50–180 0.35–1.26 0.08–0.31 0.45–1.57
Median 90 95 0.63 0.16 0.84
Geometric mean 100 94 0.70 0.16 0.87
Geometric SD 1.3 1.3 1.3 1.3 1.3
Buffer zone II
Range 40–200 45–190 0.28–1.40 0.08–0.33 0.38–1.73
Median 95 80 0.66 0.14 0.81
Geometric mean 88 74 0.61 0.13 0.75
Geometric SD 1.6 1.4 1.6 1.4 1.5
Overall (0–30 km)
Range 40–230 45–320 0.28–1.61 0.08–0.56 0.38–1.92
Median 100 90 0.70 0.16 0.86
Geometric mean 104 97 0.73 0.17 0.91
Geometric SD 1.4 1.5 1.4 1.5 1.4
⁄Values given in the parenthesis are the number of measuring points in each zone.
Table 2
Indoor and outdoor gamma absorbed dose rates (measured using TLDs). Range and mean values obtained from 4 different sets of measurements for different seasons during the
year 2012–13.
Locations Gamma absorbed dose rate (nGy h1) Annual effective dose (mSv y1) Total annual effective dose
(Indoor + outdoor) (mSv y1)
Indoor Outdoor Indoor Outdoor
Core zone
Range 68–281 81–241 0.33–1.38 0.10–0.29 0.46–1.58
Median 127 169 0.62 0.21 0.90
Geometric Mean 134 160 0.66 0.19 0.90
Geometric SD 1.5 1.3 1.5 1.3 1.5
Buffer zone I
Range 45–218 58–193 0.22–1.07 0.07–0.23 0.36–1.21
Median 128 118 0.63 0.14 0.79
Geometric mean 121 114 0.59 0.14 0.74
Geometric SD 1.4 1.3 1.4 1.3 1.4
Buffer zone II
Range 58–173 52–253 0.28–0.84 0.06–0.31 0.35–1.13
Median 97 88 0.47 0.10 0.61
Geometric mean 96 99 0.47 0.12 0.60
Geometric SD
Overall (0–30 km)
Range 45–281 52–253 0.22–1.38 0.06–0.31 0.35–1.58
Median 121 119 0.59 0.14 0.77
Geometric mean 120 119 0.59 0.14 0.74
Geometric SD 1.4 1.4 1.4 1.4 1.4
⁄Values given in the parenthesis are the number of station in each zone where TLDs were installed.
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In this study, we obtained a geometric mean value of 1.09 for
the indoor to outdoor dose ratio. The data obtained from the survey
meter reading were used to estimate the dose ratio. The ratio of
indoor to outdoor gamma ray doses, in normal radiation back-
ground areas in India, is found to be approximately 1.2, particularly
in houses which have tiled/cemented ﬂoors and concrete walls and
ceilings [13] In another study, Chougaonkar et al. [2] have reported
that the mean value of ratio was 0.8 for those dwellings which
used construction materials such as bricks, cement, and masonry
tiles, which were procured from a different region and these
construction materials, had less radioactivity content than thesurrounding soil. Whereas, for houses which showed a ratio of near
unity (0.8–1.2) was attributed to the use of thatched walls/ceilings
plastered with mud, had nearly the same radioactivity content as
the surrounding soil. Whereas, the dwellings for which the ratio
was near unity (0.8–1.2) were built with thatched walls/mud and
these materials had nearly the same radioactivity content as the
surrounding soil. The majority of the dwellings in the villages of
Gogi region are built with mud walls and mud ﬂooring, which
are derived from local soil, and this may be the reason for the ob-
served indoor to outdoor ratio of near unity (1.09). To verify this,
we studied the correlation between indoor and outdoor dose rates.
The correlation plot yielded a positive correlation coefﬁcient,
r = 0.83 (N = 20, p < 0.0001, where N is the number of samples
Fig. 2. Correlation between gamma absorbed dose rates measured using survey
meter and TLDs.
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signiﬁcant at 95% conﬁdence level.
3.4. Comparison of dose measured by survey meter and TLDs
The correlation between the dose rate values measured using
TLD and portable survey meter is plotted in Fig. 2, which indicates
a signiﬁcant positive correlation (r = 0.73, N = 41, p < 0.0001)
between the results of the two different methods. However, as
indicated in the correlation plot, the agreement between the two
techniques is good for low dose values and the deviation increases
at higher dose values.
3.5. 226Ra, 232Th, and 40K activity concentrations in soil
The concentration of 226Ra, 232Th, and 40K in the soil varied in
the range of 5.8–154.8 Bq kg1, 10.2–576.9 Bq kg1, and 56.2–
1371.1 Bq kg1, respectively, with the corresponding geometric
mean values of 34.3 Bq kg1, 78.4 Bq kg1, and 609.9 Bq kg1, con-
sidering all the 39 location in the 0–30 km region (Table 3). The
study revealed highly non-uniform distribution of these radionuc-
lides in the region with activity concentration in the soil varying
signiﬁcantly within a small area, which is due to the highly local-
ized mineralization of elements. The mean values of 226Ra and
232Th activities were higher in the Core zone and lowest in Buffer
zone II, which is in accordance with the ﬁndings of the gamma
dose measurements.
The activity concentrations of 226Ra, 232Th, and 40K observed in
the Gogi region are also compared with those reported for other re-
gions of India and worldwide average values in Table 3. Although
the mean value of activity concentration of 226Ra for the Core zone
was higher when compared to the average values reported for In-
dia and the worldwide average values, the overall mean value for
the entire study region was similar to these reported values. But,
the individual mean values of 232Th and 40K activity concentration
for each zone as well as the overall mean value were higher when
compared to the average value reported for India and also the
world. It is interesting to observe that the 232Th activity is higher
in the soil when compared to the 226Ra activity in the proposed
uranium mining region. The mean value of 226Ra to 232Th ratio
was found to be 0.40. It should be noted that the soils were
collected for the present study from 0 to 10 cm proﬁle and the ura-
nium mineralization is in the deeper layers.
3.6. Estimation of dose from radionuclide activities
From the results of 226Ra, 232Th, and 40K activities, the total
gamma dose rates in air were calculated using the dose coefﬁcients
as given in Eq. (1). The absorbed dose from 238U varied from
2.7 nGy h1 to 71.5 nGy h1 with a mean value of 15.4 nGy h1.
The dose rate due to 232Th varied from 6.1 nGy h1 to
348.4 nGy h1 with a mean value of 51.0 nGy h1. Similarly, the
maximum and minimum values of dose rates due to 40K were
2.3 nGy h1 and 57.2 nGy h1, respectively, the mean value being
32.5 nGy h1. The absorbed doses due to these radionuclides, in to-
tal, are presented in column 6 of Table 3 and had a range of 13.7–
459.8 nGy h1 with a mean value of 91.0 nGy h1 which is higher
when compared to the world average value of 54 nGy h1 [17]
and all India average value of 69 nGy h1 [18].
The percentage contributions of 238U, 232Th, and 40K to the
external dose rates in air were respectively, 15.6%, 51.5%, and
32.9%. Mishra and Sadasivan [11] have reported these percentage
contributions in the order of 17.7%, 33.6%, and 48.7% due to 238U,
232Th, and 40K, respectively, for Indian environs. UNSCEAR [16]
has reported the worldwide average values for the relative contri-
butions from 238U, 232Th, and 40K gamma dose rates in the air to beabout 25%, 40%, and 35%, respectively, for normal background
regions.
The mean value of outdoor annual external effective dose (cal-
culated as given in [18] and [17]) due to terrestrial sources (238U,
232Th, and 40K) was 0.20 mSv y1, 0.13 mSv y1, and 0.08 mSv y1
for the Core zone, Buffer zone I, and Buffer zone II, respectively,
with an overall mean value of 0.11 mSv y1 (column 7 of Table 3).
The corresponding average value for India is 0.08 mSv y1 [14] and
the worldwide average value is 0.07 mSv y1 [18].
3.7. Correlation between measured dose and estimated dose rates
According to Malanca and Gaidolﬁ [9], signiﬁcant correlation
between calculated and measured gamma absorbed dose rates is
generally not observed. Alencar and Freitas [1] have reasoned that
the non-existence of correlation is due to the treatment of the sam-
ples before gamma spectrometry – factors such as density, humid-
ity, and compactness degree in situ are different for the dried
sample. On the other hand, Alencar and Freitas [1] have reported
a signiﬁcant positive correlation with a high value of ‘r’ between
measured and estimated gamma dose rates. We performed the
correlation study between the measured dose rates and the esti-
mated dose rates. Fig. 3 is the correlation plot between dose esti-
mated from soil radioactivity and the outdoor dose measured
directly using the survey meter. A signiﬁcant positive correlation
was observed with r = 0.83 (N = 39, p 6 0.0001). The correlation
plot between estimated dose and outdoor TLD measurements is
shown in Fig. 4. It must be noted that in both these plots, the esti-
mated dose (X-axis) is due to soil radioactivity only and does not
include the cosmic ray component. The correlation plots clearly
indicate that the estimated dose is better correlated with the dose
measured using the portable survey meter, when compared to
those obtained from TLDs.
It should be noted that the intercept in the measured dose
axis in Figs. 3 and 4 should provide an approximate measure
of the cosmic ray component in the ambient gamma absorbed
dose rate since the estimated dose (X-axis) is due to terrestrial
sources only and the measured (Y-axis) includes both, terrestrial
and cosmic ray components. The intercept in the correlation plot
between the estimated dose and the survey meter is
67.8 nGy h1 (Fig. 3).
As discussed earlier, the cosmic ray dose at sea level in India is
32 nGy h1 [18,13], it increases with altitude, and at a height of
Table 3
Comparison of primordial radionuclide concentration in soils of Gogi region and resulting gamma absorbed dose with the values reported for other regions of India.
Region Radionuclide concentration (Bq kg1) Gamma absorbed dose estimated from
radionuclide activity concentrations




Gogi:Core zone (6)b [42]c Range 42.3–146.4 79.0–576.9 514.3–1101.4 88.7–459.8 0.10–0.56
Median 61.4 114.8 820.5 149.9 0.18
Geometric Mean 70.9 147.0 813.1 162.1 0.20
Geometric SD 1.7 2.1 1.3 1.8 1.8
Gogi:Buffer zone I (15) [105] Range 7.4–154.8 13.2–296.3 56.2–1327.7 13.7–291.3 0.01–0.35
Median 33.3 98.8 1044.2 114.5 0.14
Geometric Mean 38.6 93.1 777.5 109.4 0.13
Geometric SD 2.0 2.1 2.2 2.0 2.0
Gogi:Buffer zone II (18) [126] Range 5.8–77.8 10.2–223.0 144.9–1371.1 15.7–227.8 0.02–0.28
Median 27.3 61.5 555.3 80.0 0.10
Geometric Mean 24.5 55.1 452.6 64.3 0.08
Geometric SD 2.0 2.3 2.1 2.1 2.1
Gogi:Overall (0–30 km) (39) [273] Range 5.8–154.8 10.2–576.9 56.2–1371.1 13.7–459.8 0.01–0.56
Median 33.3 84.4 778.9 102.1 0.12
Geometric Mean 34.3 78.4 609.9 91.0 0.11
Geometric SD 2.1 2.3 2.1 2.2 2.2
All India
[6]
Mishra and Sadasivan [11]
UNSCEAR [17]
Range 7–158.3 2.59–1520 38–766 70 0.08
Median 29 64 400
Worldwide UNSCEAR [17] Range 1.0–1000 0.05–360 4–2260 54 0.07
Median 32 45 412
a Cumulative dose from 226Ra, 232Th and 40K. Cosmic ray component not included.
b Values given in the parenthesis are the number of sampling stations in each zone.
c Values given inside square bracket are the number samples analyzed.
Fig. 3. Correlation between estimated and measured (survey meter) gamma
absorbed dose rates.
Fig. 4. Correlation between estimated and measured (TLD) gamma absorbed dose
rates.
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altitude of 500 m from sea level and if we apply the correction
factor for the increase of the dose due to altitude, we arrive at a
cosmic ray dose of 42.6 nGy h1. Comparing this with the value
67.8 nGy h1, obtained from the intercept in the Y-axis in the cor-
relation plot of estimated and measured doses (Fig. 3), we can infer
that dose values estimated from soil radioactivity provide an
underestimate, when compared to those measured in situ at 1 m
from soil surface. This may be due to the highly non-uniform dis-
tribution of natural radionuclides in the soil as the activity concen-
trations in the soil varied signiﬁcantly within a small area. The
dose when measured in situ using the dosimeters may account
for the non-uniform distribution of radionuclides as one wouldtake measurements at many points within a location. Whereas,
the dose estimated from the soil sample collected from one point,
may not provide a true representative value for a location/area,
where the soil radioactivity varies signiﬁcantly. It should also be
noted that the estimated dose through spectrometric analyses of
the sample in the laboratory is a representative of a relatively small
volume of the soil, whereas, much larger volumes of the soil con-
tribute to the 1 m height in situ measurement, where the soil in-
homogeneity is probably more signiﬁcant [10].
The above arguments are better visualized from the correlation
plot between estimated dose and outdoor TLD measurements
(Fig. 4). This correlation yielded a correlation coefﬁcient, r = 0.52
(N = 21) and cosmic ray dose of 90.3 nGy h1. The lower value of
Fig. 5. Seasonal variation of gamma dose rates; (a and b) dose measured using survey meter, (c and d) dose measured using TLDs.
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meter and estimated dose (r = 0.83), indicates that the survey me-
ter readings yield results which are closer to the estimated dose
than the TLD results. The cosmic ray dose obtained from this plot
is higher by a factor of 2 when compared to the value of
42.6 nGy h1, which is the estimated cosmic dose for Gogi region.
The TLD measurements were made at a ﬁxed point in a location,
unlike the survey meter measurements, and therefore it may not
account for the large variation in soil radioactivity within an area.
Although TLD is a proven environmental dosimetric technique, one
needs to place more TLDs within a location to obtain a better rep-
resentative value. Further, while all the survey meter readings
were taken at 1 m height, the same height could not be ensured
for the exposure of the TLDs in all the locations due to the practical
difﬁculties in the ﬁeld.
The UNSCEAR [18] has recommended correcting the speciﬁc
activities of radionuclides of dry soil by a factor of 0.81 while esti-
mating the gamma dose. This is to take into account the in situ soil
moisture, which is generally considered as 30%. However, in the
present work this correction was not applied as the soils had a
moisture content of <9% and this would not signiﬁcantly affect
the dose estimations.
3.8. Seasonal variation of the gamma dose
The seasonal variation of the gamma dose rates is shown in
Fig. 5a and b for the data obtained from survey meter readingsand TLDs, respectively. The indoor and outdoor doses were margin-
ally higher during the winter season, from November–February
when compared to other seasons. Both survey meter and TLD read-
ings showed similar observations. On an average, the gamma ab-
sorbed dose rate (survey meter readings) during November–
February is 1.08 times the annual mean for indoor and 1.06 times
for outdoor. In the case of TLD measurements, these ratios were
1.10 and 1.14 for indoor and outdoor, respectively. Mok and Kwok
[12] have reported this ratio to be 1.03 for outdoor in Hong Kong;
the survey was carried out continuously for 3 years through ﬁxed
monitoring stations.
Increased gamma dose in indoor environment during winter
has been reported earlier by many investigators for different coun-
tries and the reason attributed is the reduced indoor ventilation
rate resulting in the buildup of the 222Rn and 220Rn progeny.
Whereas, the seasonal variations in the outdoor environment are
found to be attributable to changes in the activity concentration
of 222Rn and 220Rn in air which in turn may be affected by the
direction of the prevailing surface winds, the temperature differ-
ence between soil and the overlying air, and the reduced mixing
of the air during winter [12]. The winter to annual dose ratio was
notably higher when we consider the Core zone only, in which a
marked increase of the dose is observed during winter (Fig. 5a
and b). It may be recalled that the concentrations of 226Ra and
232Th were signiﬁcantly higher in the Core zone which may result
in the increased 222Rn and 220Rn concentrations in the ground level
air during winter.
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The mean value of the gamma dose observed for the Gogi region
was higher when compared to the worldwide average value as well
as all India average value. The mean value dose rate observed for
the Core zone is 3 times higher when compared to the worldwide
mean value. The geometric mean values of annual effective dose
were 0.73 mSv y1 and 0.17 mSv y1 for indoor and outdoor,
respectively.
The indoor to outdoor dose ratio had a mean value of 1.09. The
majority of the dwellings in the villages are built with mud walls
and mud ﬂooring, which are derived from the surrounding soil,
and this may be the reason for the observed indoor to outdoor ratio
of near unity. A signiﬁcant positive correlation was observed
between the indoor and outdoor dose rates.
A good correlation was observed between the gamma dose rate
values measured using TLD and portable survey meter. The agree-
ment between the two techniques is good for low dose values and
the deviation increased at higher dose values.
The analyses of the soil samples for the activity concentrations
of 226Ra, 232Th, and 40K revealed highly non-uniform distribution of
these radionuclides in Gogi region with activity concentrations in
the soil varying signiﬁcantly within a small area, which is due to
the localized uranium mineralization. The mean values of 226Ra
and 232Th activities were higher in the Core zone and lowest in Buf-
fer zone II. The mean value of activity concentration of 232Th and
40K for the entire study region was higher when compared to the
average value reported for India and also worldwide average val-
ues. The mean value of 226Ra to 232Th ratio was found to be 0.40.
The percentage contributions of 238U, 232Th, and 40K to the external
dose rates in air were, respectively, 15.6%, 51.5%, and 32.9%.
The correlation studies showed that the dose estimated from
the soil radioactivity is better correlated with the dose measured
using the portable survey meter, when compared to that obtained
from TLDs. Dose values estimated from soil radioactivity provide
an underestimate, when compared to those measured in situ at
1 m from soil surface. The dose when measured in situ using the
hand-held survey meter account for the non-uniform distribution
of radionuclides in soil since measurements are performed at many
points within a location. Since hand-held survey meters are cost
effective, easy to use, and provide quick results they are very useful
in the assessment of gamma dose around the mineralized regions.
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